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The effects of Ga from weapons-grade plutonium MOX fuel on zircaloy-N cladding during power reactor operation have been simulated by implantations of 100 keV Ga-69 ions into a polished zircaloy-IV sample while the sample was maintained at a typical cladding temperature of 375°C. Analyses were based on scanning electron microscopy, Rutherford backscattering of 280 keV He-3 ions, and secondary ion mass spectroscopy.
Subgrains at the zircaloy-IV surface formed at a Ga fluence equivalent to total release of approximately 12 ppm by weight of Ga from the fuel. The subgrains may be an intermetallic compound of Zr,Ga.
concentrations decreased 3 orders of magnitude over a depth of 3000 A.
Enhanced diffusion of Ga was observed, but Ga

Introduction
The currently accepted approaches for the disposition of weapons-grade plutonium in the U.S. include both immobilization and mixed oxide (MOX) fuel conversion options.
MOX fuels from the processed spent fuels of light-water reactors (LWRs) have been used in Europe during the last three decades, and the performance and cladding compatibility of these fuels have been studied extensively. However, there is no data available about the possible effects of the MOX fuel converted from weapons-grade plutonium on fuel performance and cladding compatibility. Since the U.S . weapons-grade plutonium has small amounts of gallium,' which may be partially incorporated into the MOX fuel during 1 fabrication, the effects of this reactive element on fuel components need to be understood before using these fuels commercially.
Currently, there are ongoing studies at the National Laboratories to clarify some of 2 the issues regarding gallium. We are presently investigating the effects of gallium from weapons-grade plutonium MOX fuel on cladding materials, particularly zircaloy, during simulated reactor irradiation. The methodology used for this study and some preliminary observations are presented in this paper.
Although the precise chemical form of gallium in MOX fuel is not one can assume that gallium is present in either elemental or oxide form (GaZO& In any event, the Ga released from the pellet will interact with the cladding while the cladding is also being irradiated with fission fragments, neutrons, beta particles, and gamma rays. Of the radiation released during the fission process, fission fragments are the primary concern since they produce a high density of atomic displacements in the surface region of the cladding. The vacancies and interstitials thus produced may interact with Ga atoms which reach the surface of the cladding from the fuel. Consequently, enhanced diffusion of the Ga or possibly enhanced chemical reactions may occur during reactor irradiation.6 If gallium is present as an oxide, the irradiation conditions will probably lead to breakup of the molecule, so that Ga may still diffuse into the cladding.
interaction will not be under thermal equilibrium conditions.
Clearly, the Ga-cladding and 10'7/cm2. In particular, there are no observable effects, such as blisters, pits, etc., up to a fluence of 10'7/cm2 that are not present on the unimplanted area. However, the area implanted with 10"/cm2 shows a granular structure with grain sizes of about 2 pm.
Although not shown, a high resolution SEM micrograph of the original zircaloy-IV sample showed grain sizes of 30-50 pm. Thus, these 2 pm subgrains are not grains of the asfabricated sample.
A micrograph from electron microprobe analysis of the area implanted with 1018/cm2 is shown in Figure 4 . An x-ray map of Ga-K and Ga-L x-rays is superimposed on a backscattered electron image of the surface. This micrograph indicates that the Ga is caused by enhanced diffusion due to the vacancies produced during the implantation. In comparing the spectra from the 1017 and 1018/crn2 implants it is apparent that not all'of the Gaimplanted into the sample during the 10'8/cm2 implant was retained in the sample, but rather only about a factor of 3 more than that of the 10'7/cm2 implant. This loss of Ga is probably caused by the sputtering process occurring during the high-fluence implantation which leads to a saturation of Ga concentration. Consequently, the 10'8/cm2 implant is, in effect, approximately a 3 x 10'7/cm2 implant. This fluence of Ga is equivalent to a Ga content in the fuel of about 12 wppm, which is near the 10 wppm that is presently expected in the weapons-grade Pu MOX fuel.
SIMS data showing the Ga depth profiles for the three implanted areas are shown in
Figures 6-8. Note that the ordinates are only approximate. The emphasis is on the shape of the Ga profiles after the sputtering process during analysis has come to equilibrium.
Neglecting a transition depth of about 100 A at the surface, the 10l6 ions/cm2 implant shows a typical depth profile expected for ion implantation, i.e. a peak near the projected range of 409 A and a Gaussian-like tail that decreases to l/e of the peak concentration at a depth of about 650 A, which corresponds to the calculated projected range plus one standard deviation in projected range of 638 A. The 10'7/cm2 implant has a similar shape, but, as expected, the peak concentration is about an order of magnitude greater. The advantage of SIMS is its high sensitivity. Consequently, the Ga profile can be followed down to three orders of magnitude below the peak concentration; this occurs at a depth of about 2000 A. Since the 10'7/cm2 implant results in a similar shape as the shape of the Ga profile of the l0"/cm2 implant, there appears to be no significant enhanced diffusion of the implanted Ga. Since the RBS data for the 10'7/cm2 implant indicates an approximately flat caused by enhanced diffusion due to the ion beam irradiation. The Ga concentration is three orders of magnitude less than the peak concentration at a depth of about 3000 A. If the Ga concentration continues to decrease at the same rate as the slope of the penetrating tail, the Ga content in the zircaloy will be less than 1 ppm atomic at a depth of about 6000 A. However, the micrograph shown in Figure 4 did not indicate extra Ga at original grain boundaries but only between subgrains. Neither can the possibility of a synergism between fission fragments of Cd, which lead to reduced ductility, and Ga be eliminated.
Further work is required to study these concerns.
